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ABSTRACT

Angiogenesis is crucially involved in many physiological and pathological
processes including tumor growth, but the molecular mechanisms regulating
angiogenesis are incompletely understood. In this study, we investigated the
functions and mechanism of histone deacetylase 10 (HDAC10), a member of the
HDAC II family, in regulation of angiogenesis. HDAC10 overexpression in human
umbilical vein endothelial cells (HUVECs) promoted tube formation, whereas depletion
of HDAC10 from HUVECs inhibited tube formation in vitro and in vivo. Mechanistically,
HDAC10 overexpression increased extracellular-regulated kinase 1/2 (ERK1/2)
activation, whereas depletion of HDAC10 inhibited ERK1/2 activation. Finally, HDAC10
promoted ERK1/2 phosphorylation by deacetylating the promoter of protein tyrosine
phosphatase, non-receptor type 22 (PTPN22) and inhibiting the expression of PTPN22,
which is a negative regulator of ERK phosphorylation. Collectively, our results identify
HDAC10 as a key regulator of angiogenesis and reveal that HDAC10 functions in
this process by binding and deacetylating the PTPN22 promoter and subsequently
inhibiting PTPN22 expression, which in turn increases ERK1/2 phosphorylation. Our
studies suggest that HDAC10 is a potential target for therapeutic intervention to
inhibit angiogenesis and tumor growth.

INTRODUCTION

Angiogenesis is a critical and complex biological
event in many physiological and pathological processes,
such as tumor growth [1-3]. This progress relies on the
coordinated expression of many genes encoding proteins
and angiogenic growth factors that activate endothelial
cells and lead to extracellular matrix remodeling,
endothelial cell migration and proliferation, capillary

tube formation, and subsequent maturation of the new
blood vessel [4—7]. Identifying the proteins that regulate
angiogenesis and determining the signaling pathways
through which they function are therefore of broad
physiological and pathological significance.

Studies of the signaling pathways in angiogenesis
have revealed several potential agents that regulate
angiogenesis [8]. Celastrol, which is derived from a
traditional Chinese medicinal plant, inhibits vascular
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endothelial growth factor (VEGF)-induced VEGF receptor
(VEGFR) 2 signaling through the AKT/mammalian target
of rapamycin (mTOR)/P70S6K signaling pathway and
suppresses angiogenesis [9]. Usnic acid (UA), an active
compound that is mainly found in lichens, hinders VEGFR2-
mediated extracellular-regulated kinase 1/2 (ERK1/2) and
AKT/P70S6K signaling pathways in endothelial cells [10].
In addition, small molecular inhibitors of VEGF2, such as
YLL545, may inhibit ERK1/2 phosphorylation and block
angiogenesis [11]. A previous study showed that ERK1/2
phosphorylation promotes angiogenesis through Ras-
RAF-Erk signaling [12]. Eliceiri et al. have also reported
that sustained ERK activity is critical for angiogenesis via
integrin avf3 [13]. Additionally, adrenomedullin promotes
angiogenesis in HUVECs, which can be blocked with an
ERK1/2 inhibitor [14]. Altogether, these studies indicate
that ERK1/2 plays a pivotal role in angiogenesis.

Protein tyrosine phosphatases (PTPases) remove the
phosphate group from phosphorylated tyrosine residues
on proteins such as SRCs and ERKs [15]. Based on their
cellular localization, PTPases can be divided into two
classes, receptor-like and non-receptor. Protein tyrosine
phosphatase non-receptor type 22 (PTPN22), which is a
member of the protein tyrosine phosphatase non-receptor
type family [16], is highly enriched in lymphoid tissues,
which regulates ERK1/2 activation. Loss of PTPN22 can
enhance mitogen-activated protein kinase (MAPK) activity
and promote ERK phosphorylation [17-19]. A previous
study showed that PTPN22 is significantly mutated in
breast cancer [20]. Additionally, Napolioni et al. reported
that the PTPN22 1858C>T (R620W) polymorphism plays
a pivotal role in human longevity [21]. However, the
proteins that regulate PTPN22 expression and the role of
PTPN22 in angiogenesis remain unclear.

Histone acetylation is highly involved in
transcriptional regulation and is catalyzed by two kinds of
enzymes: histone acetyltransferases (HATs) and histone
deacetyltransferases (HDACs) [22]. In general, HDACs
repress and silence transcription, and they consist of
three different classes (I, 11, III). Class I HDACs include
HDACI, 2, 3 and 8; class Il HDACs include HDAC4, 5, 7
6,9, and 10; whereas the class III family include sirtuins1-7
[23]. Previous studies have suggested that certain HDACs
regulate endothelial cell behavior and angiogenesis [5, 24—
26]. For example, forced expression of HDAC1 promotes
angiogenesis of HUVECs by downregulating p53 and von
Hippel-Lindau tumor suppressor [27]. Hulsurkar et al.
reported that HDAC?2 is indispensable for B-adrenergic
signaling-induced angiogenesis [28]. In contrast, HDACS
can bind to the promoter regions of the FGF2 and Slit2
genes, inhibiting their expression and disrupting endothelial
cell angiogenesis [29]. HDACI10 was isolated and
characterized as a class Il HDAC, and it exerts its biological
functions in several processes, including autophagy, cell
cycle, and DNA mismatch repair [30—34]. Our previous
studies suggest that HDAC10 suppresses cervical cancer
metastasis by inhibiting matrix metalloproteinase 2 and 9

expression [35]. The function of HDACI10 in angiogenesis,
however, is unknown. In the current study, we provide
evidence showing that HDACI10 is an important positive
regulator of angiogenesis and that it functions in this process
through regulating the PTPN22-ERK1/2 signaling axis.

RESULTS

HDAC10 promotes angiogenesis in vitro and
in vivo

We designed lentivirus vector plasmids containing
the HDAC10 cDNA and two different ShRNAs targeting
the HDACI10 sequence to evaluate the role of HDAC10
in angiogenesis in vitro. Lentiviral particles containing
the HDAC10 cDNA or the shRNAs were used to infect
HUVECs. Overexpression and knockdown of HDAC10 in
the corresponding viral infectants were confirmed by real-
time PCR (Figure 1A) and Western blotting (Figure 1B-1C).

The tube formation assay was utilized to evaluate
the role of HDACI10 in regulation of angiogenesis in vitro.
HDACI10 overexpression promoted tube formation, whereas
HDACI0 depletion significantly suppressed tube formation
(Figure 1D). Additionallyy, HDACI10 overexpression
increased the number of tubes and crossing points, whereas
HDACI10 depletion decreased these values (Figure 1E).

Next, we performed a Matrigel plug assay with
cells transfected with an HDAC10 expression vector
(FUW-HDACI10), a control vector (FUGW), two
different shHDAC10 vectors or a scrambled shRNA
control vector to further investigate the function of
HDACI10 in angiogenesis in vivo. Consistent with the
in vitro studies, the Matrigel plug assay showed that
HDACI10 overexpression promoted angiogenesis and
HDACI10 depletion inhibited angiogenesis in vivo
(Figure 1F). We also generated paraffin sections of the
plugs and performed immunostaining with an anti-CD31
antibody. The HDAC10-overexpressing group exhibited
a significantly greater number of blood vessels than the
control (Figure 1G). In contrast, the HDAC10-depleted
group exhibited a profound decrease in the number of
blood vessels compared with the scrambled control (Figure
1G). Compared with the control group, the HDAC10-
overexpressing group exhibited a more than two-fold
increase in blood vessels, and both shHDAC10-depleted
groups showed a greater than 50% decrease in the number
of blood vessels compared with that in the scrambled
control (Figure 1H). Thus, HDACIO is critically involved
in promoting angiogenesis both in vitro and in vivo.

HDAC10 regulated target genes in
endothelial cells

Next, we performed a microarray analysis using
the FUGW, FUW-HDACI10, PLKO and shHDACI10
cells to identify the target genes regulated by HDAC10
in endothelial cells. The heat map shows 1,000 of the
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Figure 1: HDAC10 is required for angiogenesis in vitro and in vivo. HUVECs were infected with FUW-HDACI10, the control
FUGW, shHDAC10#1, shHDAC10#2 or the scrambled RNA control lentiviruses. (A) HDAC10 mRNA expression was analyzed by real-
time PCR. (B) HDACI10 protein expression was analyzed by Western blotting. (C) Quantitative analysis of the Western blots in (B). (D)
The in vitro formation of HUVEC tubes on Matrigel was performed as described in the “Materials and Methods”. (E) Quantitative analysis
of the tubes and crossing points in panel D. (F) The effect of HDAC10 on in vivo angiogenesis assessed by a Matrigel plug assay (n =5 per
group). Photographs of representative Matrigel plugs show vessel growth and CD31 expression (G). (H) The blood vessels were quantified
by manually counting the images shown in (G), and the results are presented as the percentage of the control (n = 5). Data are presented as
the means =+ standard errors of the means (SEM). *P < 0.05 and **P < 0.01 compared with the control or scrambled control.
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differentially expressed genes that exhibit the greatest
changes in the microarray data (Figure 2A). A Pearson
plot analysis comparing differentially expressed genes
with a greater than 2-fold change revealed that 389
genes were up-regulated and that 255 genes were down-
regulated by HDAC10 (Figure 2B). According to a
Gene Ontology (GO) term analysis, HDAC10 regulated
multiple biological functions involved in angiogenesis,
such as cell migration, cell adhesion, and MAPK signaling
(Figure 2C). Moreover, the Gene Set Enrichment Analysis
(GSEA) statistics showed that HDAC10 depletion sharply
down-regulated the expression of angiogenesis-related
genes, whereas HDAC10 overexpression up-regulated
the expression of many angiogenesis-related genes in
endothelial cells (Figure 2D). In addition, we performed
real-time PCR to confirm our microarray data, and the
results suggest that HDACI10 regulates angiogenesis
(Figure 2E). These results suggest that HDACIO is
an important regulator of angiogenesis-related gene
expression in endothelial cells.

ERK1/2 is downstream of HDAC10 in the
pathway regulating angiogenesis

To gain further insight into the mechanism by which
HDACI0 regulates angiogenesis, we analyzed the effects
of HDACI10 overexpression and knockdown on MAPK
activation, which plays crucial roles in the regulation of
endothelial cell angiogenesis. HDAC10 overexpression
increased the level of activating ERK1/2 phosphorylation,
whereas HDACI0 knockdown decreased ERKI1/2
phosphorylation (Figure 3A-3B). We then examined
whether treating the cells with SCH772984, a specific
ERK1/2 inhibitor [36], could inhibit angiogenesis induced
by HDACI10 overexpression. As expected, ERKI1/2
phosphorylation in endothelial cells was efficiently
inhibited with 0.3 uM SCH (Figure 3C-3D). Importantly,
the angiogenesis-promoting effects of HDACI10 were
completely blocked by the ERK1/2 inhibitor (Figure 3E-3F).

We next generated viral vectors expressing ShRNAs
for ERK1 and ERK2 and infected endothelial cells with
them to further study the role of ERK1/2 in HDAC10-
mediated angiogenesis. Both the ERKI1 and ERK2
shRNAs blocked the angiogenic function of HDAC10 in
endothelial cells (Figure 3G-3H). Western blot analysis
showed that the activating ERK1/2 phosphorylation was
also inhibited (Figure 31-3J). Collectively, these results
strongly suggest that HDAC10 controls endothelial cell
angiogenesis through regulation of ERK1/2 signaling.

HDAC10 binds to the promoter regions of
PTPN22 and deacetylates histones H3 and H4 in
these regions

Based on the microarray data and other results
described above, we hypothesize that HDAC10 regulates

the expression of PTPN22, which in turn regulates
ERK1/2 phosphorylation [17, 18, 37]. Thus, we analyzed
the expression levels of PTPN22 and several other
members of the PTPN family, such as PTPNI1 and 18,
in HDACI10 overexpression and knockdown cells using
real-time PCR. The level of PTPN22 mRNA, but not
those of the other PTPNs, was dramatically regulated by
HDACI10 (Figure 4A). Western blot analysis confirmed
that HDAC10 overexpression down-regulated PTPN22
expression, whereas HDAC10 knockdown up-regulated
PTPN22 expression (Figure 4B-4C). Because acetylation
is a key factor for regulating gene expression, we
hypothesized that HDAC10 binds the PTPN22 gene
promoter, thus regulating its acetylation and gene
expression. To test this hypothesis, we first employed
the chromatin immunoprecipitation (ChIP) assay to
investigate whether HDAC10 binds to the PTPN22
gene promoter. The primers used in the ChIP assay were
designed to target the binding sites for transcription
factors in the PTPN22 gene promoter. The results of
the ChIP assay showed that HDAC10 indeed bound to
the promoter region of the PTPN22 gene (Figure 4D).
We next investigated the effects of HDACI10 on the
acetylation of histones H3 and H4 and on the binding of
RNA polymerase II to the PTPN22 gene promoter using
the ChIP assay. The results showed that acetylation of
histones H3 and H4 and the binding of RNA polymerase 11
to the PTPN22 gene promoter were significantly reduced
in cells overexpressing HDAC10 (Figure 4E). In contrast,
HDACI10 knockdown increased the acetylation of histone
H3 and H4 and the binding of RNA polymerase II to the
PTPN22 gene promoter (Figure 4E). These results provide
strong evidence supporting our hypothesis that HDAC10
binds the PTPN22 gene promoter and consequently
regulates its acetylation and gene expression.

PTPN22 is required for HDAC10-mediated
regulation of ERK1/2 phosphorylation and
angiogenesis

To further investigate the function of PTPN22 in
the HDAC10 regulation of ERK1/2 phosphorylation
and angiogenesis, we generated vectors expressing two
different shRNAs for PTPN22 and established PTPN22
knockdown (shPTPN22) (Figure SA-5C) and PTPN22 and
HDACI10 double knockdown (shPTPN22/shHDAC10)
(Figure 5C-5D) cells. As shown in Figure 5C-5D,
shPTPN22 not only promoted ERK1/2 phosphorylation
but also rescued the inhibition of ERK1/2 phosphorylation
induced by shHDACI10. Similarly, shPTPN22 also
enhanced angiogenesis and relieved the shHDACI10-
induced inhibition of angiogenesis (Figure 5E). The
statistical analyses of the tube numbers and crossing points
are shown in Figure 5F.

We also used the Matrigel assay to investigate
the effect of shPTPN22 on the ability of endothelial
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Figure 2: HDAC10 significantly regulates angiogenesis-related genes. (A) A heat map showing the top 1,000 genes regulated
by HDAC10 with the most significant changes in the microarray RNA chip data. (B) The group in black represents genes with less than
2-fold changes in gene expression; The group in yellow represents 2-fold or more changes in gene expression in response to HDAC10
overexpression but less than 2-fold changes in gene expression in response to shHDACI10; the group in green represents 2-fold or
more changes in gene expression in response to shHDAC10 but less than 2-fold changes in gene expression in response to HDAC10
overexpression; and the group in pink represents that the fold change in gene expression occurs in the same direction in response to
HDACI10 overexpression or shHDAC10, although a greater than 2-fold change was observed. The group in red represents a greater than
2-fold change in gene expression among the two datasets, in which the expression was positively regulated by HDAC10 and negatively
regulated by shHDACI10. In contrast, the group represents that gene expression was negatively regulated by HDAC10 and positively
regulated by shHDAC10. (C) Biological functions affected by HDAC10 (left panel) and shHDAC10 (right panel). (D) GESA analysis of
the angiogenesis-related genes regulated by HDAC10 and shHDACI10. (E) Real-time PCR confirmed the differentially regulated genes
in the microarray RNA data. Data are presented as the means + SEM. *P < 0.05 and **P < 0.01 compared with the control or scrambled

control.
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Figure 3: ERK1/2 functions downstream of HDAC10 in the pathway regulating angiogenesis. (A) Western blot analysis
of phosphorylated ERK1/2 levels in HUVECs infected with FUGW, FUW-HDAC10, scrambled control, shtHDAC10#1 or shHDAC10#2
lentiviruses. (B) Quantitative analysis of the Western blots in (A). (C) Western blot analysis of phosphorylated ERK1/2 levels in HUVECs
that were pretreated with DMSO, 0.1, 0.3, and 1 uM SCH772984 (SCH). (D) Quantitative analysis of the Western blots shown in panel
C. (E) Inhibitory effect of 0.3 uM SCH on HDAC10-induced HUVEC tube formation in vitro. (F) Quantitative analysis of the tubes and
crossing points shown in panel E (n = 5). (G) Effects of shERK1, shERK2 and shERK1/2 on HDAC10-induced HUVEC tube formation
in vitro. (H) Quantitative analysis of the tubes and crossing points shown in panel G (n = 5). (I) Western blot analysis of phosphorylated
ERK1/2 levels in HDAC10-induced tubes formed by HUVECs that were transfected with shERK1, shERK2 and shERK1/2 in vitro.
(J) Quantitative analysis of the Western blots shown in panel I. Data are presented as the means + SEM. *P < 0.05, **P < 0.01 and
**% P <(0.001 compared with the control or scrambled control; #P < 0.05, #P < 0.01 and ###P < 0.001 compared with FUW-HDAC10.
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Figure 4: HDAC10 up-regulates ERK1/2 phosphorylation by inhibiting PTPN22. (A) Real-time PCR analysis shows
that HDACI10 regulates the mRNA levels of several members of the PTPN family. (B) Western blot analysis showing that HDAC10
regulates PTPN22 protein expression. (C) Quantitative analysis of the Western blots shown in panel B. (D, E) Results of the chromatin
immunoprecipitation assay (ChIP assay). (D) HDAC10 binds to the PTPN22 promoter. (E) HDAC10 decreases the acetylation of histones
H3 and H4 at the PTPN22 promoter. Acetylated histone H3 and H4 antibodies were used to precipitate DNA in the ChIP assay. Primers
that target the transcription factor binding sites in the PTPN22 promoter were used for quantitative real-time PCR. The data were obtained
from three independent experiments. Reduced acetylation of H3 and H4 blocks the binding of RNA polymerase II to the transcription
factor binding sites. DNA was precipitated from HUVECs in the control group and the HDAC10 overexpression group using an anti-RNA
polymerase II antibody in the ChIP assay. Data are presented as the means = SEM. *P < 0.05, **P <0.01 and ***P < (0.001 compared with

the control or scrambled control.
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Figure 5: The PTPN22/ERK axis is the critical target of HDAC10 to promote angiogenesis. (A) HUVECs were infected
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protein expression was analyzed by Western blotting. (C) Quantitative analysis of the Western blots shown in panel B. (D) HUVECs were
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vessels were quantified by manually counting the images shown in (I), and the data are presented as a percentage of the control (n = 5).
Data are presented as the means + SEM. *P < 0.05, **P < 0.01 and ***P < 0.001 compared with the scrambled control; #P < 0.05, ##P <
0.01 compared with shHDAC10.
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cells to form blood vessels in vivo. The shHDAC10-
induced inhibition of angiogenesis was markedly
reversed by shPTPN22 (Figure 5G). As shown in the
immunohistochemical staining, the number of blood
vessels of the shPTPN22/shHDACI10 group was
increased compared with the sSctHDAC10 group (Figure
SH-51). Collectively, these results suggest that PTPN22
is critical for HDAC10-mediated regulation of ERK1/2
phosphorylation and angiogenesis.

DISCUSSION

Angiogenesis is an important event in many
physiological and pathological processes including tumor
growth. Recent studies have suggested that HDACs
may play important roles in regulation of angiogenesis
[5, 24-26], suggesting that HDACs could potentially
serve as important therapeutic targets for modulation of
angiogenesis. However, it appears that different members
of the HDAC family can exert different and even opposing
roles in this process [5, 24-26, 28-29, 38]. Thus, it is
critically important to define the role of specific HDACs in
angiogenesis and determine the underlying mechanisms.
In the current study, we have identified HDACI10, a
member of the HDAC II family [36], as a key regulator of
angiogenesis. Using both overexpression and knockdown
strategies, we demonstrate that the level of HDAC10 in
endothelial cells is crucial for regulation of angiogenesis:
a higher level of HDAC10 promotes whereas a lower level
of HDAC10 inhibits angiogenesis.

How does HDACI10 regulate angiogenesis? Our
results show that HDACI10 regulates angiogenesis by
controlling ERK1/2, a key signaling intermediate in the
cellular control of angiogenesis [9, 10, 39] Specifically,
HDACI10 overexpression in endothelial cells increased
the level of phosphorylated ERK1/2, whereas depletion
of HDACI10 in endothelial cells reduced the level of
phosphorylated ERK1/2. Moreover, using an ERK1/2
inhibitor, we showed that ERK1/2 activity is indispensable
for HDACI10-induced angiogenesis. These findings
reveal a novel regulator of ERK1/2 activity and, hence,
angiogenesis in endothelial cells.

How does HDACI10 regulate ERK1/2 activity? A
main function of HDAC:s is to remove acetyl groups from
the N-acetyl lysines on histones, thereby modifying the
chromatin structure and modulating gene transcription
[22]. Thus, a potential mechanism by which HDAC10
regulates ERK1/2 activity is by modulating the expression
of genes that are critical for ERK1/2 activation. To test
this hypothesis, we analyzed the effects of HDAC10 on
gene expression using an RNA expression array. These
studies revealed that HDAC10 negatively regulated the

we showed that HDAC10 bound to the PTPN22 promoter
and promoted the deacetylation of histones H3 and H4,
which reduced the binding of RNA polymerase II to the
promoter of the PTPN22 gene and consequently inhibited
PTPN22 transcription. Additionally, using shRNAs
targeting PTPN22, we showed that PTPN22 was indeed
critical for mediating HDAC10-induced regulation of
ERK activation and angiogenesis.

In summary, the studies presented in this paper
have revealed a novel signaling pathway consisting
of HDAC10, PTPN22 and ERK1/2 that is critical for
regulating angiogenesis. Our results suggest that HDAC10
regulates angiogenesis by controlling the acetylation of the
promoter region of PTPN22 and thus the binding of RNA
polymerase II to this region and PTPN22 gene expression.
The change of PTPN22 expression in turn regulates
ERK1/2 phosphorylation and consequently the angiogenic
activity of endothelial cells. Given the importance of
angiogenesis in a variety of physiological and pathological
processes including tumor growth, the HDAC10-PTPN22-
ERK1/2 signaling axis may provide a useful target for the
development of novel therapeutic strategies to control
diseases associated with abnormal angiogenesis.

MATERIALS AND METHODS

Cell culture

HUVECs were purchased from the Cell Bank at
the Shanghai Institutes for Biological Sciences of the
Chinese Academy of Sciences and cultured in RPMI-
1640 medium (GIBCO) supplemented with 10% fetal
calf serum (GIBCO), 100 U/ml streptomycin and 100 U/
ml penicillin (GIBCO). Human embryonic kidney 293T
cells (HEK293FT) were purchased from the American
Type Culture Collection (ATCC) and cultured in
Dulbecco’s modified Eagle’s medium (DMEM, GIBCO)
supplemented with 10% fetal calf serum, 100 U/ml
streptomycin and 100 U/ml penicillin.

Plasmid construction

The GFP-expressing FUGW lentivirus vector
was previously described [35]. The coding sequence of
wild-type human HDAC10 was amplified from HUVEC
c¢DNA by PCR. The FUGW lentivirus vector was cleaved
with Age I/EcoRI restriction enzymes and the GFP
coding sequence was replaced with that of HDAC10
(termed as FUW-HDACI10). The shRNA constructs
targeting scramble, HDAC10, PTPN22 and ERKI1/2
were synthetized by JieRui BioTech Company and are as
follows: scramble, CCTAAGGTTAAGTCGCCCTCG;

expression of PTPN22, which is a member of PTPN HDACIO, TCACTGCACTTGGGAAGCTCCTGTA
family of non-receptor type PTPNs [40—42]. Furthermore, and CGGGTTCTGTGTGTTCAACAA;
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PTPN22, TATGATCACAGTCGTGTTAAA
and AGAAGATGTGAAGTCGTATTA;
ERK1, CGTGCTCCACCGAGATCTAAA
and GACAGACATCTCTGCACCCTG; and
ERK2, CCCATATCTGGAGCAGTATTA and

TATCCATTCAGCTAACGTTCT. The annealing shRNA
constructs were cloned into pLKO.1 lentiviral vector via
the Agel and EcoRI restriction sites.

Virus generation and infection

To generate the lentivirus, FUGW, FUW-HDAC10
and shRNA constructs were co-transfected with helper
plasmids into HEK293T cells with the X-tremeGENE
HP DNA transfection reagent (Roche). At 48 h post-
transfection, the virus was harvested. HUVECs were
plated at a density of 1.2 X 10° cells/well of 6-well plate,
grown to 30% to 40% confluence and then infected with
the virus.

Reverse transcription and real-time PCR

Total RNAwas isolated from HUVECs using TRIzol
(Invitrogen), and 500 ng of RNA from each sample was
reverse-transcribed into cDNA using the PrimeScript™
RT reagent kit (TaKaRa). The cDNA was used as the
template for real-time PCR.

Antibodies and Western blot

The antibodies used in this study are as follows:
HDACI10 (Sigma, H3413), ERK1/2 (Cell Signaling
Technology, #4695), p-ERK1/2 (Thr202/Tyr204) (Cell
Signaling Technology, #4370), PTPN22 (Cell Signaling
Technology, #14693), and GAPDH (Santa Cruz
Biotechnology, sc-47724). For Western blot, HUVECs
were lysed with radio-immunoprecipitation assay buffer
(50 mM Tris, 0.1% sodium dodecyl sulfate, 1.0% IGEPAL
CA-630, 150 mM NaCl, and 0.5% sodium deoxycholate,
pH 8.0, The Shanghai Sheng Gong Company) on ice for
25 min. The lysates were centrifuged at 12,000 rpm for
15 minutes at 4°C, and the protein concentrations in the
samples were determined using the bicinchoninic (BCA)
method. Equal amounts of protein were loaded onto SDS-
PAGE gels, separated by electrophoresis, transferred to
membranes and incubated with the appropriate antibodies.
Then, the signals were developed using the Clarity
Western enhanced chemiluminescence (ECL) substrate
(1705061, Bio-Rad).

Tube formation assay

HUVEC:s (as specified in each experiment) were
plated at a density of 4 X 10* cells/well in 24-well plates
(Corning, Germany) that were pre-coated with 330 pl of
Matrigel Growth Factor Reduced Membrane Matrix (BD

Biosciences). Tube numbers and crossing points were
quantified in 5 random microscopic fields after 8 h.

Matrigel plug assay

HUVECs (as specified in each experiment) were
suspended in Matrigel and subcutaneously injected into the
backs of 8-week-old nude mice (each mouse was injected
with one Matrigel plug) [43]. For each experiment, five
mice were injected with each type of HUVECs (i.e.,
HDACI10-overexpressing, HDACI10 knockdown or
control). All experiments were repeated three times. After
7 days, the Matrigel plugs were removed to visualize
the capillaries. Plug sections were stained with a platelet
endothelial cell adhesion molecule-1 (PECAM-1)
antibody (M-20) (sc-1506, Santa Cruz Biotechnology),
and nuclei were stained with Hoechst 33342. The level
of angiogenesis in vivo was quantified by counting the
number of vessels in 5 random microscopic fields.

ChIP assay

HUVECs were harvested with 0.25% trypsin
(GIBCO) and cross-linked for 10 minutes by directly
adding 1% formaldehyde, which was then neutralized
with 0.125 M glycine for 5 minutes with gentle shaking.
The cells were washed with cold PBS and lysed for 15
minutes on ice in a cell lysis solution (5 mM PIPES,
pH 8.0, 85 mM KCI,, and 0.5% NP-40) to obtain cell
nuclei. The nuclei were lysed in nuclei lysis buffer (50
mM Tris-Cl, pH 8.1, 10 mM EDTA, and 1% SDS) for an
additional 30 minutes and gently pelleted for 10 minutes
on ice. The chromatin was sonicated and sheared using a
sonicator (Focused-ultrasonicator, M220, COVARIS). The
sheared chromatin samples were used as an input control
or incubated with antibodies overnight; 20 pl of beads was
added, and the samples were incubated for 1.5 h rotating
at 15 rpm. Then, the samples were successively washed 4
times with TSE 1 (0.1% SDS, 2 mM EDTA, 20 mM Tris-
CL pH 8.1, 150 mM NacCl, and 1% Triton X-100), TSE II
(0.1% SDS, 2 mM EDTA, 20 mM Tris-Cl, pH 8.1, 300
mM NaCl, and 1% Triton X-100), wash buffer (0.25 M
LiCL, 1 mM EDTA, 10 mM Tris-Cl, pH 8.1, 1% NaDOC,
and 1% NP400), and TE buffer (1 mM EDTA and 10 mM
Tris-Cl). The DNA samples were dissociated from the
immunoprecipitated chromatin and used as templates for
real-time PCR with primer pairs targeting the PTPN22
promoter.

Immunohistochemistry

Ten-micrometer-thick, formalin-fixed paraffin-
embedded Matrigel plug sections were stained with a
goat monoclonal antibody against CD31 (Santa Cruz
Biotechnology, sc-71872, 1:100 dilution). Images were
captured from randomly selected fields.
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Statistical analysis

All data represent as mean + SEM. 2-tailed Student’s
t test (for parametric data) or Mann-Whitney test (for
nonparametric data) were used to compare two groups of
samples according to distribution. P values less than 0.05
were considered significant. Prism 5 (GraphPad) was used
for statistical analysis.

ACKNOWLEDGMENTS

This work was supported by grants obtained from
the Ministry of Science and Technology (grant numbers
2016YFA0101300, 2013CB967600, and 2013CB967401),
the National Natural Science Foundation of China
(grant numbers 81530042, 81430068, 31210103905,
31471311, 31471250, 31371510, 31571519,
31571529, 31571390), the Ministry of Education
Grants (IRT 15RS51), the Science and Technology
Commission of Shanghai Municipality (grant number
15JC1403200, 15JC1403201), the Fundamental Research
Funds for the Central Universities (2000219136,
1500219106, 20002310002), the Shenzhen Innovation
Committee of Science and Technology (grant numbers
KQCX20140522150842929, JCYJ20150831142427959
and ZDSYS20140509142721429), and the National
Institutes of Health (grant numbers AR068950 and
AR064874).

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

REFERENCES

1. Kuehbacher A, Urbich C, Zeiher AM, Dimmeler S. Role of
Dicer and Drosha for endothelial microRNA expression and
angiogenesis. Circ Res. 2007; 101:59-68.

2. Kim ES, Serur A, Huang J, Manley CA, McCrudden
KW, Frischer JS, Soffer SZ, Ring L, New T, Zabski S,
Rudge JS, Holash J, Yancopoulos GD, et al. Potent VEGF
blockade causes regression of coopted vessels in a model
of neuroblastoma. Proc Natl Acad Sci U S A. 2002;
99:11399-11404.

3. Kerbel R, Folkman J. Clinical translation of angiogenesis
inhibitors. Nat Rev Cancer. 2002; 2:727-739.

4. Papetti M, Herman IM. Mechanisms of normal and tumor-
derived angiogenesis. Am J Physiol Cell Physiol. 2002;
282:C947-970.

5. Turtoi A, Mottet D, Matheus N, Dumont B, Peixoto
P, Hennequiere V, Deroanne C, Colige A, De Pauw E,
Bellahcene A, Castronovo V. The angiogenesis suppressor
gene AKAPI12 is under the epigenetic control of HDAC7 in
endothelial cells. Angiogenesis. 2012; 15:543-554.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Liekens S, De Clercq E, Neyts J. Angiogenesis: regulators
and clinical applications. Biochem Pharmacol. 2001;
61:253-270.

Ao Z, Yu S, Qian P, Gao W, Guo R, Dong X, Xu J,
Zhang R, Jiang C, Ji F, Qian G. Tumor angiogenesis of
SCLC inhibited by decreased expression of FMOD via
downregulating angiogenic factors of endothelial cells.
Biomed Pharmacother. 2017; 87:539-547.

Yoshikawa M, Hishikawa K, Idei M, Fujita T. Trichostatin
a prevents TGF-betal-induced apoptosis by inhibiting ERK
activation in human renal tubular epithelial cells. Eur J
Pharmacol. 2010; 642:28-36.

Pang X, Yi Z, Zhang J, Lu B, Sung B, Qu W, Aggarwal BB,
Liu M. Celastrol suppresses angiogenesis-mediated tumor
growth through inhibition of AKT/mammalian target of
rapamycin pathway. Cancer Res. 2010; 70:1951-1959.
Song Y, Dai F, Zhai D, Dong Y, Zhang J, Lu B, Luo J, Liu
M, Yi Z. Usnic acid inhibits breast tumor angiogenesis and
growth by suppressing VEGFR2-mediated AKT and ERK1/2
signaling pathways. Angiogenesis. 2012; 15:421-432.
Zhang J, Liu C, Shi W, Yang L, Zhang Q, Cui J, Fang Y,
LiY, Ren G, Yang S, Xiang R. The novel VEGF receptor
2 inhibitor YLL545 inhibits angiogenesis and growth in
breast cancer. Oncotarget. 2016; 7:41067-41080. doi:
10.18632/oncotarget.9392.

Yokdang N, Tellez JD, Tian H, Norvell J, Barsky SH,
Valencik M, Buxton IL. A role for nucleotides in support
of breast cancer angiogenesis: heterologous receptor
signalling. Br J Cancer. 2011; 104:1628-1640.

Eliceiri BP, Klemke R, Stromblad S, Cheresh DA. Integrin
alphavbeta3 requirement for sustained mitogen-activated
protein kinase activity during angiogenesis. J Cell Biol.
1998; 140:1255-1263.

Kim W, Moon SO, Sung MJ, Kim SH, Lee S, So JN, Park
SK. Angiogenic role of adrenomedullin through activation
of Akt, mitogen-activated protein kinase, and focal adhesion
kinase in endothelial cells. FASEB J. 2003; 17:1937-1939.
Denu JM, Dixon JE. Protein tyrosine phosphatases:
mechanisms of catalysis and regulation. Curr Opin Chem
Biol. 1998; 2:633-641.

Vang T, Miletic AV, Bottini N, Mustelin T. Protein
tyrosine phosphatase PTPN22 in human autoimmunity.
Autoimmunity. 2007; 40:453-461.

Spalinger MR, Lang S, Vavricka SR, Fried M, Rogler
G, Scharl M. Protein tyrosine phosphatase non-receptor
type 22 modulates NOD2-induced cytokine release and
autophagy. PLoS One. 2013; 8:¢72384.

Cao Y, Yang J, Colby K, Hogan SL, Hu Y, Jennette CE,
Berg EA, Zhang Y, Jennette JC, Falk RJ, Preston GA.
High basal activity of the PTPN22 gain-of-function variant
blunts leukocyte responsiveness negatively affecting IL-10
production in ANCA vasculitis. PLoS One. 2012; 7:¢42783.

Massa A, Barbieri F, Aiello C, Iuliano R, Arena S,
Pattarozzi A, Corsaro A, Villa V, Fusco A, Zona G,

www.impactjournals.com/oncotarget

61348

Oncotarget



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Spaziante R, Schettini G, Florio T. The phosphotyrosine
phosphatase eta mediates somatostatin inhibition of
glioma proliferation via the dephosphorylation of
ERK1/2. Ann N'Y Acad Sci. 2004; 1030:264-274.
Cancer Genome Atlas Network. Comprehensive molecular
portraits of human breast tumours. Nature. 2012; 490:61-70.
Napolioni V, Natali A, Saccucci P, Lucarini N. PTPN22
1858C>T (R620W) functional polymorphism and human
longevity. Mol Biol Rep. 2011; 38:4231-4235.

Sengupta N, Seto E. Regulation of histone deacetylase
activities. J Cell Biochem. 2004; 93:57-67.

Witt O, Deubzer HE, Milde T, Oehme 1. HDAC family:
what are the cancer relevant targets? Cancer Lett. 2009;
277:8-21.

Kaluza D, Kroll J, Gesierich S, Yao TP, Boon RA,
Hergenreider E, Tjwa M, Rossig L, Seto E, Augustin HG,
Zeiher AM, Dimmeler S, Urbich C. Class I1Ib HDAC6
regulates endothelial cell migration and angiogenesis by
deacetylation of cortactin. EMBO J. 2011; 30:4142-4156.

Sato Y. Is histone deacetylase-9-MicroRNA-17~92 cluster
a novel axis for angiogenesis regulation? Arterioscler
Thrombd Vasc Biol. 2013; 33:445-446.

Sun X, Wei L, Chen Q, Terek RM. HDAC4 represses
endothelial growth factor expression in
chondrosarcoma by modulating RUNX2 activity. J Biol
Chem. 2009; 284:21881-21890.

Kim MS, Kwon HJ, Lee YM, Back JH, Jang JE, Lee SW,
Moon EJ, Kim HS, Lee SK, Chung HY, Kim CW, Kim
KW. Histone deacetylases induce angiogenesis by negative
regulation of tumor suppressor genes. Nat Med. 2001;
7:437-443.

Hulsurkar M, Li Z, Zhang Y, Li X, Zheng D, Li W. Beta-
adrenergic signaling promotes tumor angiogenesis and
prostate cancer progression through HDAC2-mediated
suppression of thrombospondin-1. 2017;
36:1525-1536.

Urbich C, Rossig L, Kaluza D, Potente M, Boeckel JN,
Knau A, Diehl F, Geng JG, Hofmann WK, Zeiher AM,
Dimmeler S. HDACS is a repressor of angiogenesis and

vascular

Oncogene.

determines the angiogenic gene expression pattern of
endothelial cells. Blood. 2009; 113:5669-5679.

Michaelis M, Suhan T, Michaelis UR, Beek K, Rothweiler
F, Tausch L, Werz O, Eikel D, Zornig M, Nau H, Fleming
I, Doerr HW, Cinatl J Jr. Valproic acid induces extracellular
signal-regulated kinase 1/2 activation and inhibits apoptosis
in endothelial cells. Cell Death Differ. 2006; 13:446-453.
Oehme I, Linke JP, Bock BC, Milde T, Lodrini M,
Hartenstein B, Wiegand I, Eckert C, Roth W, Kool M,
Kaden S, Grone HJ, Schulte JH, et al. Histone deacetylase
10 promotes autophagy-mediated cell survival. Proc Natl
Acad Sci U SA. 2013; 110:E2592-2601.

Li Y, Peng L, Seto E. Histone deacetylase 10 regulates
the cell cycle G2/M phase transition via a novel

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

let-7-HMGA2-cyclin A2 pathway. Mol Cell Biol. 2015;
35:3547-3565.

Radhakrishnan R, Li Y, Xiang S, Yuan F, Yuan Z, Telles E,
Fang J, Coppola D, Shibata D, Lane WS, Zhang Y, Zhang
X, Seto E. Histone deacetylase 10 regulates DNA mismatch
repair and may involve the deacetylation of MutS homolog
2.J Biol Chem. 2015; 290:22795-22804.

Yang Y, Huang Y, Wang Z, Wang HT, Duan B, Ye D, Wang
C, Jing R, Leng Y, Xi J, Chen W, Wang G, Jia W, et al.
HDACI10 promotes lung cancer proliferation via AKT
phosphorylation. Oncotarget. 2016; 7:59388-59401. doi:
10.18632/oncotarget.10673.

Song C, Zhu S, Wu C, Kang J. Histone deacetylase (HDAC)
10 suppresses cervical cancer metastasis through inhibition
of matrix metalloproteinase (MMP) 2 and 9 expression. J
Biol Chem. 2013; 288:28021-28033.

Tong JJ, Liu J, Bertos NR, Yang XJ. Identification of
HDACI10, a novel class I human histone deacetylase
containing a leucine-rich domain. Nucleic Acids Res. 2002;
30:1114-1123.

Chirivi RG, Noordman YE, Van der Zee CE, Hendriks W1J.
Altered MAP kinase phosphorylation and impaired motor
coordination in PTPRR deficient mice. J Neurochem. 2007;
101:829-840.

Kaluza D, Kroll J, Gesierich S, Yao TP, Boon RA,
Hergenreider E, Tjwa M, Rossig L, Seto E, Augustin HG,
Zeiher AM, Dimmeler S, Urbich C. Class IIb HDAC6
regulates endothelial cell migration and angiogenesis by
deacetylation of cortactin. EMBO J. 2011; 30:4142-56.

Mottet D, Bellahcene A, Pirotte S, Waltregny D, Deroanne
C, Lamour V, Lidereau R, Castronovo V. Histone
deacetylase 7 silencing alters endothelial cell migration, a
key step in angiogenesis. Circ Res. 2007; 101:1237-1246.
Wang LH, Jiang XR, Chen GL, Guo W, Zhang JY, Cui LJ,
Li HH, Li M, Liu X, Yang JY, Wu CF. Anti-tumor activity
of SL4 against breast cancer cells: induction of G2/M arrest
through modulation of the MAPK-dependent p21 signaling
pathway. Sci Rep. 2016; 6:36486.

Begovich AB, Carlton VE, Honigberg LA, Schrodi SJ,
Chokkalingam AP, Alexander HC, Ardlie KG, Huang Q,
Smith AM, Spoerke JM, Conn MT, Chang M, Chang SY,
et al. A missense single-nucleotide polymorphism in a
gene encoding a protein tyrosine phosphatase (PTPN22)
is associated with rheumatoid arthritis. Am J Hum Genet.
2004; 75:330-337.

Kyogoku C, Langefeld CD, Ortmann WA, Lee A, Selby S,
Carlton VE, Chang M, Ramos P, Baechler EC, Batliwalla
FM, Novitzke J, Williams AH, Gillett C, et al. Genetic
association of the R620W polymorphism of protein tyrosine
phosphatase PTPN22 with human SLE. Am J Hum Genet.
2004; 75:504-507.

Stanford SM, Bottini N. PTPN22: the archetypal non-HLA
autoimmunity gene. Nat Rev Rheumatol. 2014; 10:602-611.

WWw

.impactjournals.com/oncotarget

61349

Oncotarget



